Optomagnonic cavities have recently been emerging as promising candidates for implementing coherent microwave-to-optical conversion, quantum memories and devices, and next generation quantum networks. A key challenge in the design of such cavities is the attainment of high efficiencies, which could, e.g., be exploited for efficient optical interfacing of superconducting qubits, as well as the practicality of the final designs, which ideally should be planar and amenable to on-chip integration. Here, on the basis of a novel time Floquet scattering-matrix approach, we report on the design and optimization of a planar, multilayer optomagnonic cavity, incorporating a Ce:YIG thin film, magnetized in-plane, operating in the triple-resonant inelastic light scattering regime. This architecture allows for conversion efficiencies of about 5%, under realistic conditions, which is orders of magnitude higher than alternative designs. Our results suggest a viable way forward for realizing practical information inter-conversion between microwave photons and optical photons, mediated by magnons, with efficiencies intrinsically greater than those achieved in optomechanics and alternative related technologies, as well as a platform for fundamental studies of classical and quantum dynamics in magnetic solids, and implementation of futuristic quantum devices.
I. INTRODUCTION
Optomagnonic cavities are judiciously designed dielectric structures that include magnetic materials capable of simultaneously confining light and spin waves in the same region of space. This confinement leads, under certain conditions, to strong enhancement of the inherently weak interaction between the two fields, which allows for an efficient microwaveto-optical transduction, enabling, e.g., optical interfacing of superconducting qubits 1,2 .
The optomagnonic interaction is expected to be larger when the so-called triple-resonance condition is met, i.e., when the frequency of a cavity magnon matches a photon transition between two resonant modes. This implies that the cavity must support two well-resolved optical resonances (in the hundred terahertz range) separated by a few gigahertz, which requires quality factors at least of the order of 10 5 , as schematically depicted in figure 1.
A (sub)millimeter-sized sphere, made of a low-loss dielectric magnetic material, constitutes a simple realization of an optomagnonic cavity. The sphere supports densely spaced long-lifetime optical whispering gallery modes 3-7 , and infrared incident light evanescently coupled to these modes can be scattered by a uniformly precessing (so-called Kittel) spin wave to a neighbouring optical whispering gallery mode. In the prospect of achieving smaller modal volumes and larger spatial overlap between the interacting fields, higher-order magnetostatic modes [8] [9] [10] , magnetically split optical Mie resonances in small spheres 11 , as well as particles of different shapes 12 have been proposed. However, these proposals currently face appreciable challenges in the fabrication of high-quality particles and/or the efficient excitation of the spin waves.
A promising alternative design of optomagnonic cavities is based on planar geometries, which can exhibit even stronger magnon-to-photon conversion efficiencies 13 , while at the same time allowing integration into a hybrid opto-microwave chip using modern nanofabrication methods. To this end, optomagnonic cavities formed in a magnetic dielectric film bounded by two mirrors 14-16 , or in a defect layer in a dual photonic-magnonic periodic layered structure 17 , have also been investigated. However, the studies reported so far refer to the Faraday configuration, with out-of-plane magnetized films, where it is challenging to obtain two optical resonances in the required close proximity to each other.
In this work we show that, by using in-plane magnetized films in the so-called Voigt configuration, we can overcome the afore-described shortcomings of previous schemes and design efficient optomagnonic cavities operating in the triple-resonance regime. In section II we describe our statically magnetized structure and discuss its optical response. In section III we summarize our recently developed fully dynamic time Floquet method for layered optomagnonic structures 16 and in section IV we present details of our attained numerical results.
The last section concludes the article.
II. STRUCTURE DESIGN
We propose a simple design of planar optomagnonic cavity, simultaneously confining light and spin waves in the same subwavelength region of space. It consists of an iron garnet thin film bounded symmetrically by two-loss, dielectric Bragg mirrors, in air, as schematically illustrated in figure 2(a).
Iron garnets are ferrimagnetic materials exhibiting important functionalities for bulk and thin-film device applications that require magnetic insulators, owing to their unique physical properties such as high optical transparency in a wide range of wavelengths, high
Curie temperature, ultra-low spin-wave damping, and strong magneto-optical coupling 18 .
In our work, we consider cerium-substituted yttrium iron garnet (Ce:YIG) which, at the telecom wavelength of 1.5 µm, has a relative electric permittivity ǫ = 5.10 + i4 × 10 −4 and a 
We consider the Voigt geometry with light propagating in the y-z plane. The structure in this geometry, with the magnetic field parallel to the surface and also perpendicular to the propagation direction, remains invariant under reflection with respect to the plane of incidence. Consequently, contrary to the Faraday configuration studied in our previous work 15-17 , the transverse magnetic (TM) and transverse electric (TE) polarization modes, i.e., modes with the electric field oscillating in and normal to the plane of incidence, respectively, are eigenmodes of the system. Interestingly, in the chosen geometry, the magnetic film behaves as isotropic, with permittivity ǫ − f 2 /ǫ and ǫ for TM-and TE-polarized waves, respectively. In other words, only TM-polarized light is affected by the (magnetic) polarization field.
Each Bragg mirror consists of an alternate sequence of six SiO 2 and six Si quarter-wave This design provides two (one TM and one TE) high-quality-factor resonances within the lowest Bragg gap, at a wavelength of about 1.5 µm, separated by a frequency difference ∆f = 9.5 GHz that matches the frequency of magnetostatic spin waves 18, 20 . These resonant modes are strongly localized in the region of the Ce:YIG film, which can be considered as a defect in the periodic stacking sequence of the Bragg mirrors. Absorption losses reduce the transmittance peak. In particular, the long-lifetime TE resonance is strongly suppressed in the presence of dissipative losses, as shown by the solid line blue line in figure 2(b).
It should be pointed out that the position and width of the optical resonances can be tailored at will by appropriate selection of the materials, and by properly adjusting the geometric parameters of the structure and the angle of incidence.
III. THEORY FOR LAYERED OPTOMAGNONIC STRUCTURES
The magnetic Ce:YIG film supports magnetostatic spin waves where the magnetization precesses in-phase, elliptically, throughout the film (uniform precession mode) with angular
where Ω H = γµ 0 H 0 and Ω M = γµ 0 M 0 , γ being the gyromagnetic ratio and µ 0 the magnetic permeability of vacuum 20 . The corresponding magnetization field profile is given by
where
, and η is an amplitude factor that defines the magnetization precession angle.
Under the action of the spin wave, the magnetic film and, consequently, the entire structure can be looked upon as a periodically driven system because the magnetization field,
given by Eq. (2), induces a temporal perturbation
in the permittivity tensor of the statically magnetized material, where
The solutions of the underlying Maxwell equations are Floquet modes F(r, t) = Re{F(r, t) exp(−iωt)}, with F(r, t + T ) = F(r, t), T = 2π/Ω, where by F we denote electric field, electric displacement, magnetic field, and magnetic induction, while ω is the 16 .
Primed indices refer to the incident wave. For an interface between two static homogeneous media, the Q matrices relate monochromatic waves and are diagonal in n, which reflects frequency conservation. We note that, in order to evaluate the scattering properties of The transmission and reflection matrices of a pair of consecutive interfaces, i and i + 1, are obtained by properly combining those of the two interfaces so as to describe multiple scattering to any order. This leads to the following expressions after summing up the infinite geometric series involved, as schematically illustrated in figure 3, i.e.,
It should be noted that the waves on the left (right) of the pair of interfaces are referred to an i-th and (i+1)-th interfaces. It is obvious that one can repeat the above process to obtain the transmission and reflection matrices Q of three consecutive interfaces, by combining those of the pair of the first interfaces with those of the third interface, and so on, by properly combining the Q matrices of component units, one can obtain the Q matrices of a slab which comprises any finite number of interfaces 23, 24 . This method applies to an arbitrary slab which comprises periodically time-varying layers, provided that all dynamic media have the same temporal periodicity. It is then straightforward to calculate the transmittance, T , and reflectance, R, of the slab as the ratio of the transmitted and reflected, respectively, energy flux to the energy flux associated with the incident wave. T and R are given by the sum of the corresponding quantities over all scattering channels (p, n): T = p,n T pn and R = p,n R pn . It is worthnoting that, because of the time variation of the permittivity tensor, the EM energy is not conserved even in the absence of dissipative (thermal) losses.
In this case, A = 1 − T − R > 0 (< 0) means energy transfer from (to) the EM to (from) the spin-wave field.
We close this section by pointing out a useful polarization selection rule, which can be readily derived in the linear-response approximation. To first order, the coupling strength associated to the photon-magnon scattering is proportional to the overlap integral G = out| δǫ |in , where rt|in = E in (z) exp[i(q · r − ωt)] and out|r
denote appropriate incoming and outgoing monochromatic time-harmonic waves in the static magnetic layered structure. Using Eq. (3) we obtain
, with u ± = ∓A y y + iA z z. The delta functions in Eq. (6) express conservation of in-plane momentum and energy in inelastic light scattering processes that involve emission and absorption of one magnon by a photon, as expected in the linear regime. Obviously, the amplitude of transition between two optical eigenmodes of the same polarization, TM or TE, is identically zero because the corresponding eigenvectors are real. In other words, one-magnon processes change the linear polarization state of a photon.
IV. RESULTS AND DISCUSSION
We now assume continuous excitation of a uniform-precession spin-wave mode in the magnetic film, with a relative amplitude η = 0.06, which induces a periodic time variation in the corresponding electric permittivity tensor, given by Eq. Considering a saturation magnetization M 0 = 150 emu/cm 3 for Ce:YIG 19 , the tripleresonance condition (Ω/2π = 9.5 GHz) is achieved with a bias magnetic field H 0 = 2.5 kOe.
In this case, the cone angle of magnetization precession (elliptical in the chosen configuration) attains a maximum of 2.75 o , which is a tolerable value for linear spin waves. It is interesting to note that the triple-resonance condition can be accomplished by manymagnon absorption processes as well (mΩ/2π = ∆f ), provided that the number of magnons, m, is odd in order to change the polarization state of the photon, from TM to TE, as required in our case. We recall that our method of calculation is not restricted to the first-order Born approximation and thus it can describe nonlinear effects that are usually relatively weak.
For example, such a three-magnon absorption process is manifested as a peak in the intensity of the n = −3 outgoing beam, for Ω/2π = ∆f /3 ≈ 3.2 GHz, as pointed out by the arrow in figure 5(a).
As can be seen in figure 4 (a), when dissipative losses are taken into account, the elastic beam intensity is uniformly by about 30%, in agreement with the results shown in figure 2(b) for the TM mode. Here, when the triple-resonance condition is satisfied, the corresponding drop in the n = −1 beam is considerably larger because of the longer lifetime of the final (TE) state but, nonetheless, the optical conversion efficiency is still as high as 5%. We note that, because of the high quality factor of the final (TE) state and the presence of non-negligible losses in this case, we overall obtain resonant optical absorption (instead of gain in the lossless case), as shown in figure 4(c).
V. CONCLUSIONS
To conclude, we have presented a detailed analysis and optimization of a planar optomagnonic structure operating in the triple-resonance regime and allowing for optical con- 
